Abstract: Adipose tissue seems to be a rich and safe source of mesenchymal stem cells (MSCs). The present study was aimed to investigate the biological and morphological characteristics of human adipose tissue-derived stem cells (ATSCs). Light and transmission electron microscopy were used. Course of proliferation was analyzed by growth curve. Expression of surface antigens was assessed by flow cytometry. Chondrogenic potential was assessed by immunohistochemistry. Obtained results showed morphology typical of fibroblastoid cells. TEM analysis proved ultrastructural morphology similar to MSCs from other sources. ATSCs reflected their proteosynthetic and metabolic activity. Each cell had irregular shape of nucleus with noticeable nucleoli. Abundant cisterns of rough endoplasmic reticulum were present in their cytoplasm. Karyotype mapping showed normal count of human chromosomes (46,XX). The growth curve revealed high capability for proliferation and population doubling time was 27.36 hours. ATSCs were positive for CD13, CD29, CD44, CD73, CD90, CD105 and CD106, but did not express CD14, CD34, CD45 and HLA-DR. It was also proved that ATSCs underwent chondrogenic differentiation in vitro. On the basis of obtained results it should be emphasized that ATSCs are typical MSCs and after further investigations they may be used in tissue engineering and regenerative medicine.
Introduction
Stem cells are generally characterized as clonogenic, undifferentiated cells which have been derived from embryonic, fetal and adult organisms. These cells are capable of long term self-renewing and they are unique in their potential to generate various types of tissues under proper in vitro and in vivo conditions (Mizuno et al. 2012) . Embryonic stem cells derived from embryoblast are considered to be pluripotent because they are able to differentiate to cell types of all three germ layers. Moreover, they possess unlimited capacity of symmetric divisions that provide their long term self-renewing (Hoffman & Merrill 2007) . Unfortunately their utilization is restricted by ethical considerations in many countries. Therefore, adult stem cells (or mesenchymal stem cells/MSCs) represent promising and more acceptable tool for tissue engineering and regenerative medicine.
MSCs are adherent and have a fibroblast-like morphology. They are also able to produce colony forming units-fibroblast (CFU-F) when cultured in vitro (Caplan 1991) . They represent heterogeneous population of cells and express a variety of surface markers including CD29, CD44, CD56, CD73, CD90, CD105, CD166, CD271, STRO-1 and Sca-1. On the contrary, they do not produce CD31, CD34 and CD45. Moreover, majority of them do not express HLA-DR and they are negative for anti-human fibroblast surface protein (Dominici et al. 2006; Rojewski et al. 2008) . Genomic studies performed on MSCs proved expression of markers which are typical also for embryonic stem cells, including OCT4, Nanog and Sox2. These findings provide clarification of their undifferentiated state (Patterson et al. 2012) . Moreover, Kestendjieva et al. (2008) showed that MSCs expressed survivin -antiapoptotic protein which is also widely expressed in most human cancers (Halasova et al. 2010; Adamkov et al. 2012) .
Bone marrow was the first source of MSCs but in respect to clinical application it has several disadvantages, including invasive and painful sampling procedure and the decline in MSCs number and differentiation potential with increasing age of donor (Kern et al. 2006 (Yang et al. 2001 ). The main purpose of the present study was the isolation, in vitro expansion and characterization of the adipose tissue-derived stem cells (ATSCs) as a preliminary step for their utilization in the tissue engineering and regenerative medicine.
Material and methods

Procurement of samples
Human ATSCs were harvested from lipoaspiration specimens of healthy female individuals (n = 10, average age = 44) undergoing elective suction-assisted lipoaspiration always following patient's written and verbal informed consent. All of the sampling procedures were performed in compliance with the Helsinki Declaration and were approved by the local ethical committee. The obtained samples were collected in sterile phosphate buffered saline (PBS; Oxoid, GB) with 100 U ml −1 Penicillin, 100 µg ml −1 Streptomycin and 250 ng ml −1 amphotericin B (PAA, Austria) and stored at laboratory temperature overnight.
Isolation and culture
ATSCs were isolated according to method published by Zuk et al. (2002) with some modifications. Briefly, lipoaspirates were roughly rinsed with sterile PBS containing 100 U ml
Penicillin, 100 µg ml −1 Streptomycin and 250 ng ml −1 amphotericin B to remove contaminating erythrocytes. This procedure was repeated several times until the colour of PBS became light pink. After that, adipose tissue fragments were digested with 0.1% collagenase type I (PAA, Austria) at 37
• C for 40 min with shaking every 5 min, followed by centrifugation at 1,200 rpm for 10 min. Supernatant containing fat and floating mature adipocytes was aspired and cell pellet was resuspended in Dulbecco's modified Eagle's medium (D-MEM; PAA, Austria) containing 10% fetal bovine serum (FBS; PAA, Austria) and centrifuged at 1200 rpm for 5 min. Final pellet was resuspended in complete culture medium consisted of D-MEM supplemented with 10% FBS, 100 U ml −1 Penicillin, 100 µg ml
Streptomycin and 250 ng ml −1 amphotericin B; and filtered through a 40 µm cell strainer (BD, USA). Obtained cells were counted, evaluated for viability by using trypan blue exclusion test and plated at density of 1×10 6 cells ml
into 100 mm Petri dishes (TPP, Switzerland). Cultures were maintained in CO2 incubator (37 • C, 5% CO2 in the air). After 24 h, non-adherent cells were removed by aspiration medium. During following cultivation the culture medium was refreshed every 48 h. When the cells reached confluence they were detached with 0.25% trypsin (PAA, Austria), and re-plated at a dilution of 1:3. ATSCs were cultured up to the third passage under same condition.
Growth kinetics
The evaluation of the growth characteristics of ATSCs was performed by generating a growth curve prepared according to a standard method. Briefly, suspension of ATSCs (5×10 4 cells ml −1 ) at passage 3 was seeded into 60 mm Petri dishes (TPP, Switzerland). During the next five days of cultivation, three dishes were monitored on a daily basis for density. Growth curves were plotted and population doubling time (PDT) was calculated by means of the formula: PDT = days in exponential phase/(log N2 -log N1) / log 2, where N1 was the number of cells at the beginning of the exponential growing phase, and N2 was the number of cells at the end of the exponential growing phase.
Phenotypic characterization
ATSCs from the third passage were detached by 0.25% trypsin digestion and then resuspended in blocking buffer consisting of PBS with 0.5% bovine serum albumin (PAA, Austria). Cell suspensions of 2.5×10 5 cells per sample were incubated 30 min at 4
• C with the respective antibody (against human CD13, CD14, CD29, CD34, CD44, CD45, CD73, CD90, CD105, CD106 and HLA-DR). The cells were then washed by PBS and incubated with conjugated-FITC antibodies for 30 min at 4
• C. Prior to analysis they were washed and resuspended by PBS. In each case, 10,000 events were acquired and analyzed by BD FACSAria flow cytometer using BD FACSDiva software (BD, USA).
Karyotype analysis
For karyotype analysis, cultures of exponentially growing cells from the third passage were treated with demecolcine (Sigma Aldrich, Germany) in concentration of 0.05 µg ml −1 . After three hours of incubation, the karyological slides were prepared according to conventional method. The slides were air-dried and stained with 2% Giemsa solution (Centralchem, Slovakia) for 10 min. Chromosomes were analyzed in three series of 100 metaphase cells.
Morphological analysis
The morphology of ATSCs was continually analysed during cultivation using an inverted microscope Zeiss Axiovert 100 (Carl Zeiss, Germany).
ATSCs appointed for light microscopy observation were cultured on the sterile slides. Before analysis, they were gently washed with PBS, fixed with methanol (Centralchem, Slovakia) for ten minutes and stained with Giemsa solution (Merck, Germany). Cells were then analyzed under light microscope Nikon Eclipse 80i microscope (Nikon, Japan).
ATSCs appointed for transmission electron microscopy (TEM) were fixed in 2.5% glutaraldehyde (Sigma Aldrich, Germany), pH 7.2, at 4
• C for four hours. After fixation, cells were carefully rinsed by PBS and post-fixed with 2% osmium tetraoxide (Serva, Germany) for 2 hours, then rinsed in distilled water and dehydrated in a graduated series of ethanol. (Centralchem, Slovakia). Subsequently, the samples were embedded in Durcupan (Fluka, USA) and cut into semi-thin sections. The obtained sections were stained by toluidine blue (Sigma Aldrich, Germany) for 10 min, and cut into ultra-thin sections. Then, they were mounted on 200 mesh copper grids, double stained using uranyl acetate and lead citrate (Serva, Germany) and examined using a TEM Philips CM 100 (Philips, Holland).
Chondrogenic differentiation
For chondrogenic differentiation, a three-dimensional pellet culture system was used. Pellets were formed by centrifugation of 1×10
6 ATSCs from the third passage at 1,500 rpm for 10 min in 15 ml polypropylene tubes (TPP, Switzerland). The chondrogenic medium consisted of D-MEM, 10% FBS, 100 U ml −1 Penicillin, 100 µg ml −1 Streptomycin and 10 ng ml −1 TGF-β1 (Millipore, USA). All tubes were maintained in the incubator at 37
• C with humidified atmosphere of 5% CO2. The culture medium was carefully refreshed every third day during 21 days. After 21 days, the pellets were fixed in 4% paraformaldehyde for 4 h, then dehydrated in ethanol and embedded in paraffin. Sections with a thickness of 5 µm were cut from paraffin blocks, deparaffinized with xylene and rehydrated with distilled water. The obtained sections were stained with haematoxylin and eosin (Sigma Aldrich, USA) with Masson's trichrome (Sigma Aldrich, USA), and with alcian blue (Sigma Aldrich, USA) to visualize the acid mucopolysaccharides. The presence of collagen type II was detected by immunohistochemistry. A monoclonal antibody directed against collagen type II (Chemi- con, USA) was used in accordance with the manufacturer's recommendations.
Results
ATSCs were attached on the Petri dishes after 24 h and started to proliferate in colonies (Fig. 1A) . They had fibroblast-like morphology (Fig. 1B) . After 5-7 days they reached 80% confluency and were sub-cultured. In the next three passages they displayed typical fibroblastoid morphology (Fig. 1C) . Analysis of growth curves showed short lag phase, a log phase at exponential rate from 3 to 5 days, and a plateau phase (Fig. 2) . The population doubling time was approximately 27.36 hours.
Flow cytometric analysis showed that ATSCs were positive for CD13, CD29, CD44, CD73, CD90, CD105 and CD166. On the other hand they did not express CD14, CD34, CD45 and HLA-DR (Table 1) .
Analysis of chromosomal count showed that all analysed ATSCs were diploid and the modal number of chromosomes was 46. They had normal female karyotype 46, XX (Fig. 3) , which was stable during cultivation. We did not record any chromosomal aberration, neither in structure nor in number.
Giemsa stained ATSCs displayed chracteristics fibroblastoid cells with transparent cytoplasm without pathological changes. The nuclei were oval in shape and contained 1-3 nucleoli (Fig. 4A) . TEM analysis showed normal ultrastructure of the protheosynthetically active cells. ATSCs had irregular shape with noticable nuclei (often eccentrically located) with a large amount of euchromatine. Every nucleus contained several nucleoli (Fig. 4B) . Abundant cisterns of rough endoplasmic reticulum (Fig. 4C ) and numerous coated matrix vesicles (or scattered, lysosome-like organelles) as well as granules of glycogen and lipid droplets were present in their cytoplasm. Most of ATSCs secreted vesicles; in plasmalemma bounded amorphous electron-lucide granules and also few glycogen granules (Fig. 4D) .
ATSCs underwent chondrogenic differentiation in vitro when cultured in pellets. The cells were distributed homogenously (Fig. 5A ) and produced diffuse extracellular matrix, which was predominantly collagenous (Fig. 5B) . Moreover, ATSCs produced acid mucopolysaccharides (Fig. 5C ). Immunostaining for collagen type II revealed its presence in the pellet cultures (Fig. 5D ).
Discussion
Research in the field of stem cells brings a lot of information about tissue regeneration. Recently, this information seems to be very attractive for potential clinical utilization. In the present work, MSCs were successfully isolated from adipose tissue and were expanded under in vitro conditions. The comprehensive biological as well as morphological characterization of obtained stem cells was performed. Our findings showed that ATSCs should be relatively easily harvested from lipoaspirates by collagenase type I digestion in higher yields when compared to those obtained from excisions (data not shown). Obtained cells remained viable (approximately 93%) so utilized isolation method seem to be appropriate choice. Isolated cells adhered immediately after seeding and started to form colonies. During subsequent days of cultivation they proliferate rapidly. Similar observations were recorded by other authors, not only in human but also in other species (Yang et al. 2001; Arrigoni et al. 2009; You et al. 2009 ).
Morphological analysis on the light and electron microscopy level revealed typical homogeneous fibroblast-like shape that was maintained during next three passages. ATSCs displayed ultrastructural characteristics of MSCs without any pathological events; these results are consistent with previous morphologi-cal observation on the stem cells derived from adipose tissue and from other tissues, including bone marrow, placenta, muscle and dental pulp published previously by our group and other authors (Pasquinelli et al. 2007; Gastaldi et al. 2010; Karaöz et al. 2010; Varga et al. 2011; Danisovic et al. 2011) .
We checked chromosomes for potential changes in morphology and count. No alterations were observed from first to the third passage. This step of biological characterization is necessary due to potential cytogenetic instability of in vitro expanded stem cells. It is well-known fact, that genomic instability is correlated with increased time of culture and is prevalent during replicative senescence (Røsland et al. 2009 ).
We also studied growth kinetics of ATSCs. Obtained results proved their high proliferation potential, so they should be rapidly propagated to obtain sufficient number of cells in short time for potential clinical utilization with elimination of possibility of transformation in vitro.
Phenotypical analysis showed that ATSCs expressed CD13, CD29, CD44, CD73, CD90, CD105 and CD106; they were negative for CD14, CD34, CD45 and HLA-DR. According to International society for cytotherapy stem cells have to be positive at least for CD73, CD90 and CD105 and negative for marker typical for hematopoietic and endothelial cells (Pittenger et al. 1999; Dominici et al. 2006) . The negativity for HLA-DR was also proved in other stem cells, for example in human bone marrow mesenchymal stem cells, muscle derived stem cells and amniotic stem cells (Delorme et al. 2007; Mihu et al. 2009; Danisovic et al. 2011) . Recently, it is known that reduction of HLA-DR expression ensure the immunological tolerance (Barry et al. 2005) .
In addition, we have demonstrated that ATSCs had potential to undergo chondrogenic differentiation when cultured in pellets with supplementation of TGF-β1. This finding was comparable with results from pioneer study performed by Johnstone et al. (1999) who reported chondrogenic potential of mesenchymal stem cells derived from bone marrow cultured as aggregate. Similar results were obtained by other authors with ATSCs and other stem cells (Zuk et al. 2002; Karaöz et al. 2011; Lovati et al. 2011 ). So it is very important to mimic 3D structure which occurred in hyaline cartilage in vivo to promote chondrogenesis in vitro.
In summary, we isolated, expanded and characterized stem cells from adipose tissue. Obtained results proved their character of mesenchymal stem cells. Therefore, they may be used in tissue engineering and regenerative medicine, for example in hyaline cartilage repair.
